Delivery of gold nanoparticles (GNPs) into live cells has high potentials, ranging from molecular-specific imaging, photodiagnostics, to photothermal therapy. However, studying the long-term dynamics of cells with 
Introduction
Gold nanoparticles (GNPs) have been widely applied to biological cell studies in various research fields because of their distinctive properties which differentiate them from conventional biomolecules and even from other metal nanoparticles [1] . GNPs exhibit surface plasmon resonance which arises from the collective oscillation of conduction electrons by incident photons in a specific wavelength, resulting in the strong absorption of light at the specific wavelength. In addition, the size and shape of GNPs can be controlled by various synthesis techniques [1] for spectral multiplexing. Moreover, GNPs show relatively high chemical stability compared to other metal nanoparticles. With these unique properties, the current uses of GNPs can be listed from photodiagnostics to photothermal therapy [2] [3] [4] [5] [6] .
In order to visualize GNPs inside cells and investigate the effects of GNPs, various imaging techniques have been implemented. While transmission electron microscopy (TEM) conventionally provides high spatial resolution images of GNPs, TEM requires the extremely vacuum and high-intensity electron beam, thus incompatible with live cells [7, 8] . Fluorescence imaging techniques, such as epifluorescence microscopy and confocal microscopy, have been utilized for observing the spatial distribution of GNPs inside biological cells.
By tagging fluorescent dyes to the functionalized surface of GNPs, these fluorescence techniques provide high molecular specificity in live cell imaging [9, 10] . However, fluorescent probes may alter the original physiological conditions of biological cells and may also suffer from phototoxicity and photobleaching [11, 12] . In addition, three-dimensional (3-D) fluorescence imaging requires the axial scanning scheme, which suffers long acquisition time for 3-D images [13] .
Holographic microscopy has been employed in imaging GNPs inside live cells, because gold has distinct refractive index (RI) values compared to cellular components, resulting in detectable optical phase shifts of the incident light. Heterodyne digital holographic microscopy was used to localize a single GNP attached to the cellular surface receptor [14] . Dark-field digital holographic microscopy was employed to track GNPs diffusing in water [15] . Wide-field interferometric phase microscopy was used to detect the photothermal phase signals from GNPs inside cells [16] . Silver nanoparticles were used to enhance molecular specificity in lensfree holography [17] . Previous techniques have measured 2-D complex optical fields, and numerical propagation of the measured optical fields employing the angular spectrum method can localize the 3-D positions of single GNPs [18] . However, these previous approaches have exhibited poor axial resolution that cannot be applied for volumetric reconstructions of complicated shaped or aggregated GNPs and cells. More importantly, 2-D complex optical fields only provide optical phase shift images, in which RI values and shapes of objects are coupled.
Recently, optical diffraction tomography (ODT) or holotomography (HT) has emerged as a label-free 3-D imaging technique, which can measure the 3-D RI distribution of biological samples in the high spatial resolution [19] [20] [21] . Since RI is an intrinsic optical property of material, ODT does not need the use of labeling agents or any additional preparations of cells. Because ODT takes into account of light diffraction inside samples and reconstructs the 3-D RI distribution of samples from measured complex optical fields, ODT can be applied for visualization of complicated structures of samples which cannot be explored by angular spectrum method [21] . Moreover, ODT provides quantitative information on biological samples from measured 3-D RI distribution, including protein concentration, cellular dry mass, and volume. Due to aforementioned advantages of ODT, it has been widely used to study various biological samples such as red blood cells [22] [23] [24] , white blood cells [25, 26] , neuron cells [27, 28] , hepatocytes [29] , bacteria [30, 31] , phytoplankton [32] , and human downy hair [33] .
Here, we present label-free high-resolution 3-D imaging of GNPs in live cells by implementing ODT. By employing an ODT system based on a Mach-Zehnder interferometer and a digital micromirror device (DMD), the 3D RI tomograms of individual live cells with GNPs were measured. To reconstruct a 3-D RI tomogram, multiple 2-D optical field images of individual live cells were obtained with various illumination angles which were controlled by using a DMD, and then a reconstruction algorithm to inverse light scattering was applied.
The measured tomograms showed that RI values of GNPs were significantly higher than other intracellular components in cells. Using this fact, GNPs were successfully segmented from cytoplasm with high spatial resolution, which was confirmed by confocal fluorescence imaging. Using the present technique, we quantitatively analyzed the volume distribution of aggregated GNPs and the time evolution of GNPs volume ratios inside two different cancer cell lines (HeLa and 4T1), which clearly provided quantitative information about the accumulation of GNPs inside cells.
Materials and Methods

Tomogram reconstruction
From multiple 2-D optical fields with various illumination angles, the 3-D RI distribution of a sample was reconstructed via an ODT algorithm [19, 34] . In the ODT algorithm, each 2-D Fourier spectra information corresponding to 2-D complex optical fields obtained with a specific incident angle was mapped onto a spherical surface, called Ewald sphere, in the 3-D Fourier space, according to Fourier diffraction theorem.
Because an objective lens has such limited numerical aperture (NA) for collecting diffracted light from a sample, the mapped Fourier space inevitably has missing information, which is called as the missing cone. To fill the missing information, we applied Gerchberg-Papoulis algorithm with a non-negativity constraint. The details of this algorithm can be found in the previous reports [19, 33, 35] . Finally, the 3-D RI distribution of the sample was reconstructed by applying inverse 3-D Fourier transform to the mapped information in the 3-D Fourier space. More details about the principle of ODT, the ODT algorithm, and the Gerchberg-Papoulis algorithm can be found elsewhere [19, 21, 34, 36] . Reconstruction and visualization of the 3-D RI tomograms were performed using commercial software (TomoStudo, Tomocube Inc., Republic of Korea) 2.2 Cell culture and GNPs treatment Human cervical cancer cells (HeLa cells) in Dulbecco's modified Eagle's medium (DMEM) and murine breast cancer cells (4T1 cells) in RPMI 1640 medium were respectively cultured at 37C in 5% CO2. PEGylated and fluorescent GNPs were made from colloidal GNPs with a diameter of 20 nm. Each GNPs was added to the cell suspension at 150 μM Au ion concentration and incubated for 6 h at 37C.
Fourier transform light scattering
Fourier transform light scattering (FTLS) was used to measure RI values for a GNPs solution [37, 38] . First, 2-D field images of colloidal solutions of GNPs with silica beads of known RI value (n = 1.4607 at  = 532 nm) were taken. From the measured field image, the far-field angle-resolved light scattering spectra of silica beads were calculated by applying 2-D Fourier transformation. According to the Mie scattering theory, the angle-resolved light scattering spectra is analytically determined from the RI and size of a spherical scatterer, the RI of a medium (n = 1.337), and the wavelength of incident light ( = 532 nm). Fitting the measured angleresolved light scattering spectra to the Mie scattering theory provided information about the GNP solution because the other parameters were known. Calculations of the Fourier transform light scattering, and fittings to the Mie theory were performed using a custom MatLab TM code.
Preparation of PEGylated GNPs and fluorescence-conjugated GNPs
For the preparation of PEGylated 20 nm GNPs, 20 mL of 1.0 mM HAuCl4 was brought to a boil in a 100 mL bottle, and then 1.6 mL of 38.8 mM tri-sodium citrate was added. The solution color changed from clear to bright red and dark red over 5 minutes. To modify the surface of GNPs with methoxy polyethylene glycol (mPEG, 5K), 25 mg of mPEG was added in bare GNPs solution and was vortexed for overnight at room temperature. After synthesis and surface modification, hydrodynamic size of the GNPs was characterized using dynamic light scattering and TEM. In order to conjugate Alexa Fluor 555 dye (Alexa Fluor 555
Succinimidyl Ester, ThermoFisher Scientific, United States) with GNPs, 20 mg of mPEG and 5 mg NH2-PEG was added to citrated GNPs and dialyzed for 2 days. 5.0 μg μL -1 of AF555 was added to the GNPs solution and vortexed for overnight at room temperature. Excess dyes were removed via centrifugation.
Results and Discussion
Principles of imaging GNPs with ODT.
The schematic procedure for imaging GNPs in live cells using ODT is depicted in Fig. 1 field image consisting of amplitude and phase images was retrieved by applying a field retrieval algorithm [39] .
From the multiple 2-D optical field images, the 3-D RI distribution of a sample was reconstructed using the ODT algorithm based on the Fourier diffraction theorem (See 2.1) [33, 39] .
Experimental setup.
In order to measure 3-D RI distributions of cells, we utilized commercialized ODT setups (HT-1S and HT-1H, Tomocube, Inc., South Korea). The schematic of the setup is shown in Fig. 1 (b). The system was based on a Mach-Zehnder interferometric microscope equipped with a DMD. A laser beam from a diode-pumped solid-state laser ( = 532 nm, 10 mW) was divided into two arms. One beam was used as a reference beam, and the other beam illuminated a sample with various incident angles ranging from -60° to 60°. In order to . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/097113 doi: bioRxiv preprint first posted online Dec. 28, 2016; control the angle of incident illumination, a DMD (DLP6500FYE, Texas Instruments, United States) was implemented. By projecting a Lee hologram pattern on a DMD, the angle of the diffracted light from the DMD was precisely controlled by applying corresponding hologram patterns [40, 41] . The beam diffracted from the sample was collected by using a 60× objective lens, and then was interfered with the reference beam, generating spatially modulated holograms. The holograms of a sample were recorded with a high-speed image sensor (CMOS camera, FL3-U3-13Y3M-C, FLIR Systems, Inc., United States) with a frame rate of 300 Hz.
The results in Fig. 1, Fig. 3 , and Fig. 4 were obtained with an objective lens with a numerical aperture (NA) of 1.2, and the rest of results were obtained using an objective lens with an NA of 0.8. In addition, timeaveraged sinusoidal pattern, a modified version of binary Lee hologram pattern, was used for the results in Fig. 1(d) . The reconstructed 3-D RI distribution of endocytosed GNPs in the HeLa cell had regions with RI values, which were distinctively higher than those of cytoplasm. We consider these regions as the complex or aggregated GNPs in endosomes, which are highlighted in Fig. 1(e) . GNPs did not change significantly [ Fig. 2(c) ], indicating that no aggregation occurred during surface hemozoin crystals in malaria-infected red blood cells [23] or lipid droplets in hepatocyte [29] . Therefore, these regions with RI values higher than usual cytoplasmic RI values are assumed to correspond to GNPs. Fig. 2(f) . The measured RI of the PBS solution without GNPs were 1.343  0.012, which were in good .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/097113 doi: bioRxiv preprint first posted online Dec. 28, 2016; agreement with the manufacturer's specification. The measured RI values for the GNP solutions increased with the concentrations of GNPs; the RI values for the GNP solutions with ODs of 0.5, 2, and 4 were 1.346  Figures 3(a)-(c) show the representative images of a HeLa cell having . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/097113 doi: bioRxiv preprint first posted online Dec. 28, 2016; PEGylated fluorescent GNPs measured by a differential interference contrast (DIC) microscope, LSCM, and ODT, respectively. Voxels with RI values higher than 1.375 show strong spatial correlation with fluorescent signals of confocal images, notwithstanding some nonmatching regions. Nevertheless, such nonmatching regions do not possess significant portions and voxels with RI values higher than 1.375 take 0.87 % of total volume of native cells as calculated from RI histograms, supporting that the standard of n = 1.375 can be used in the imaging of GNPs with ODT.
Quantitative imaging analysis
Quantitative analysis for the size of aggregated GNPs inside cells has been carried out. First, the total number of aggregated GNPs was counted, and their volume ratio to total cellular volume was calculated for the sample represented in Figs. 4(a)-(c) . Among the voxels with RI values higher than n > 1.375, a group of connected voxels was considered as one aggregated GNPs, and the volume of each group was calculated. In order to minimize the effect of noises, we excluded groups with size less than three voxels from the calculation. The total number of aggregated GNPs was 150, and the volume fraction of those GNPs to the cellular volume (1.57×10 3 m 3 ) was 18.31%. Furthermore, the volume distribution of aggregated GNPs was organized and compared with the results for 10 different samples as shown in Fig. 4(d) . Groups of aggregated GNPs with a volume smaller than 0.1 m 3 were considered as the 'weakly aggregated GNPs,' and those with bigger volume were considered as the 'highly aggregated GNPs.' The distribution of weakly aggregated GNPs showed a nonGaussian distribution that the number of groups continuously decreased as the volume increased. The average number of highly aggregated GNPs for 10 cells was 16.415.6.
Then, we quantitatively measured the temporal evolution of volumetric ratios of GNPs inside HeLa cells during the GNPs treatment times (0 min, 5 min, 1 h, 3 h, and 6 h). RI tomograms of 10 cells for each treatment time were acquired as shown in Fig. 5(a) , from which cellular volume and the volume of GNPs were calculated by integrating voxels with RI values higher than n > 1.337 and n > 1.375, respectively. The volume proportion of GNPs inside HeLa cells increased from 2.45% at 0 min to 31.01% after 6 h of GNPs treatment [ Fig. 5(b) ].
The results imply that GNPs are continuously transported into HeLa cells, which is in good agreement with previous reports [46] [47] [48] . This result was also confirmed by another mammalian cell line (4T1 cell, murine breast cancer cell) as the volume proportion of GNPs inside 4T1 cells (n = 10) increased from 2.15% at 0 min the sensitivity of present method should be increased in order to visualize GNPs in colloidal and weakly aggregated forms. It is expected that the employment of hyperspectral ODT [49, 50] or external photothermal excitation of GNPs [51] can resolve this problem by obtaining the dispersion of GNPs for a different wavelength or by detecting photothermal signals from GNPs which are expressed as the changes in phase delay maps.
We expect that the present technique can be utilized for cancer cell imaging by the conjugation of GNPs with tumour binding antibodies [52] . Moreover, the image stitching method can expand the field of view making tissue imaging suitable [53] , as well as this method, can be employed in the long-term tracking of GNPs in tissues by using tissue phase imaging techniques and compact live cell incubators. Furthermore, recent developments of beam scanning devices and detectors in ODT enable the fast acquisition of the 3-D RI distribution of samples with the tomogram acquisition rate of 100 Hz [40, 54, 55] . Recently, several commercial ODT instruments were released, and thus, lowering barriers to entry for the active use of ODT in . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/097113 doi: bioRxiv preprint first posted online Dec. 28, 2016; research areas such as biomedical imaging and disease diagnostics. In a sense, this work shows not only the new GNPs imaging method but also one of the possible biomedical applications of ODT. 
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